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Australia currently has in service over 33,500 timber road bridges owned primarily by
state and local government authorities. On average, most of these timber bridges have
been in service for around 50 years and are in a structural weakened condition due to
increasing traffic loads, construction methods, maintenance practices and environmental
locations. Maintenance and routine inspections are required on all bridge structures in
Australia. Most timber bridges are a major issue for most engineers in state and local
governments because timber bridges are built from organic material, and it is difficult
to identify the failure modes and the current level of deterioration within the timber
structure itself. To address this issue this project looks at an advance inspection method
called Stress Wave Time (SWT).
SWT calibrated data for Australian wood species is very limited and through a destruc-
tive test of a known Australian wood species,Tasmanian Blue Gum (Eucalyptus glob-
ulus), the SWT times can be calibrated for different internal voids/defects. By using
this calibrated SWT times to investigate an existing timber bridge structural properties
and Finite Element Analysis (FEA), this report identifies the structural strength and
stiffness of existing timber girders from a bridge structure.
The study creates a baseline from the SWT values obtained in the destructive test,
and then these values were applied to an existing timber bridge in the field to create a
theoretical FEA model designed for structural strength and stiffness.
Deflections were calculated using Strand7 linear solver and 3 different load cases were
tested on the theoretical models and compared to an existing timber girder field deflec-
tion.The results from this project confirmed that SWT values are a justifiable method
of acquiring the structural strength and stiffness of timber girder in the field.
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Chapter 1
Introduction
1.1 Background & Overview
Australia currently has in service over 33,500 timber road bridges owned primarily by
state and local government authorities (AGAM06-09 Austroads; Part 6 Bridge Perfor-
mance 2009). On average most of these timber bridges have been in service for the
better part of 50 years and are in a structural weakened condition due to increasing
traffic loads, construction methods, maintenance practices and environmental locations
(Samali et al. [1]). These timber bridges are a vital part of the road network within
Australia, especially on local roads, as they connect towns to the main national high-
way infrastructure. Maintenance and routine inspections are required on all bridge
structures in Australia.Timber bridges are a major issue for most engineers and in-
frastructure managers in state and local governments because timber bridges are built
from organic material, and it is difficult to identify the failure modes and the current
level of deterioration within the timber structure itself. The most general method of
inspection of timber bridges is a visual inspection, where an inspector will rate the con-
dition for the timber based on looks and sound. This is reported in a natural language
that describes the issues and assumes the rate of deterioration. This method can lead
to a large degree of interpretation with no mathematical and science background. To
increase the accuracy in inspections, new technology has become available which can
give more precise information on the structural integrity of the timber bridge structure.
There are many different equipment available to test existing timber bridges using a
non-destructive method, some of these include: drill resistance, ultrasonic, stress wave
1
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timing, radiography, microwave/ground penetrating radar and vibration. This study
investigates structural performance of existing timber girders using a stress wave timing
(SWT) technique. Two experiments were performed with the aim to assess the strength
and remaining structural stiffness of the timber bridge girder.The first experiment is
a destructive testing technique, where a selected section of timber is hollowed out to
different measures and tested using SWT times. This is required as there is currently
no calibrated SWT data available for Australian wood species. The second test reports
an analysis of a non-destructive test of an existing timber bridge. Through the destruc-
tive testing the selected Australian wood species - Tasmanian Blue Gum (Eucalyptus
globulus) - can be calibrated. These SWT results provide the theoretical strength of
the timber girder, which is then applied in a Finite Element Analysis (FEA). The per-
formance of the timber girder is then assessed by measuring serviceability by deflection,
confirming that Stress Wave Timing values are a justifiable method of acquiring the
structural strength and stiffness of timber girder in the field.
1.2 Aim and Scope
This project investigates the deterioration/voiding within a timber bridge girder member
using stress wave propagation equipment; this exercise will define the structural load
strength through different stages of deterioration/voiding for the timber girder. Once
the young’s modulus has been calculated a Finite Element Analysis (FEA) is carried
out over the different stages of deterioration/voiding.
The specific objectives of the project are to:
1. Research the background information relating to Timber Bridge testing methods
and causes of deterioration commonly found within a timber bridge environment.
2. Calibrate Stress Wave Time (SWT) through destructive testing on a known Aus-
tralian wood species.
3. Undertake Finite Element Analysis (FEA) to investigate the structural properties
of a timber girder through different stages of voiding deterioration, followed by a
subsequent evaluation of structural stiffness and serviceability.
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4. Evaluate the different deflection loads of the timber bridge girder using the stan-
dard SM1600 bridge load requirements and varied loads to maintain safe service-
ably levels. The application to an existing timber bridge with known deflections
is used to justify the theoretical modeling.
1.3 Thesis Overview
This dissertation is organized as follows:
Chapter 2 is an in-depth literature review, which investigates available literature on the
decay and serviceability aspects of timber bridges. This chapter will provide a back-
ground on typical bridge design components, timber durability, man-made and natural
defect mechanisms within timber, moisture and serviceability.
Chapter 3 explains the experimental design setup. It first describes the material sourcing
and equipment selection and timber properties. It then explains SWT equipment and
theoretical background while describing the destructive experiment process. The last
sub-section explains FEA modeling. Finite Element Analysis (FEA) is used to ascertain
the deflection levels and serviceability using a standard SM1600 bridge loading and
reduced loads for the different sections.
Chapter 4 presents and compares the experiment results. Here the adjusted SWT times
are shown and the MOE for each stage of voiding. This chapter covers the final results
and discussion of the experiment conducted in Tasmania. It reviews AS1720.1:1997
Timber structures, Part 1: Timber properties and AGAM06-09 Austroads; Part 6 Bridge
Performance 2009 acceptable deflection levels and serviceability requirements for beam
members under load capacities.
Chapter 5 concludes the dissertation and suggests areas of further research work.
Chapter 2
Literature Review
2.1 Existing Literature
Some previous work has been done on timber bridge inspection. Ross et al. [2] provide a
guide for timber bridge inspection using stress wave timing non-destructive tools. Their
work provides a detailed explanation of the measurement of stress wave transmission
time and a description of available equipment.
Work on stress wave timing (SWT) analysis for timber bridges is scarce in Australia;
in addition, most of the structural timber analysis is done on soft wood. For example,
Matheson et al. [3] explore acoustic instruments to measure stiffness calculating modulus
of elasticity in pine. Dickson et al. [4] and Jayawickrama [5] also assesses pine stiffness
using acoustic and stress wave methods. Samali et al. [1] uses dynamic frequency analysis
to determine global deck stiffness and uses a relationship between bending strength and
gross stiffness of timber girders to predict load capacity of a bridge deck.
Stress wave timing (SWT) requires the calculation of the modulus of elasticity (MOE)1
and propagation wave. Garcia et al. [8] study the structural behaviour - and MOE -
of Eucalyptus grandis timber beam, which is similar to the type of timber used in this
study (Eucalyptus globulus).2
1See Green and Kretschmann [6] and Kretschmann and Green [7].
2See also Christoforo et al. [9].
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Ranjith [10] develops an algorithm to detect timber bridge deterioration using a Markov
process; this work, with an application to timber bridges in Australia, presents a com-
plete overview of the timber material structure, its characteristics and deterioration
conditions. In what follows we offer a review to frame the analysis in this work.
Timber is a naturally occurring polymeric material constituted of organic molecules.
Nature has evolved very efficient mechanisms for recycling its basic materials. There-
fore, the longevity of timber structures depends upon man’s ability to frustrate nature.
Nature’s attack on trees comes in a number of different forms including fungus (rot),
insects, fire, knots, gum veins and branch stubs.
There are two different classifications of timber: hardwood and softwood. Timbers are
categorised into these classifications depending on their cell structure. Both names how-
ever are misleading, as some timbers with a hardwood cell structure (or ‘pored’ structure)
are quite soft, and some with a softwood cell structure (or ‘non-pored’ structure) are
comparatively hard.
Timbers are called ‘pored’ not because of the freedom with which the liquids will seep
through them, but because of the presence of large cells, called vessels, which are their
distinguishing feature and which, in a transverse section, have the appearance of pores.
Softwoods do not have vessels; see Figures 2.1 and 2.2.
All of the eucalypts, acacias, oaks, maples and many other genera are hardwoods. The
number of softwoods used in structures is relatively small, the most important being
Douglas Fir (Oregon), cypress and radiate pine.
2.2 Strength Properties
The strength properties of different timbers depend not only on the species of timber,
but also on the presence of any injurious defects such as sloping grain, knot, etc. Also,
within any species, factors like density, rate of growth, position in tree and the conditions
of tree growth also have marked effects on the actual strength properties.
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Figure 2.1: Scanning Electron Micrograph of Softwood
Images of hardwood and softwood taken with a scanning electron microscope (SEM) show
the presence of pores in hardwoods (Oak, top) and absence in softwoods (Pine, bottom).
http://en.wikipedia.org/wiki/File:Hard_Soft_Wood.jpg
2.2.1 Density
Commonly accepted that the higher the density of the timber, the higher the mechanical
properties; however there is not a good enough correlation to be able to predict strength
according to density. Moisture content can play a significant role in the determination
of density.
2.2.2 Rate of Growth
The influence of rate of growth is also indefinite but in general timber from medium
growth rate trees will have superior properties compared with very fast or very slow
growing trees.
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Figure 2.2: Scanning Electron Micrograph of Hardwood
Images of hardwood and softwood taken with a scanning electron microscope (SEM) show
the presence of pores in hardwoods (Oak, top) and absence in softwoods (Pine, bottom).
http://en.wikipedia.org/wiki/File:Hard_Soft_Wood.jpg.
2.2.3 Position in Tree
The way in which the strength properties vary with height in the tree depends on the
species. In softwoods, the wood from near the butt of the tree is usually somewhat
denser, stronger, and harder than that from near the top of the tree, but in some of the
eucalyptus the reverse holds true.
2.2.4 Conditions of Growth
Environmental factors affecting tree growth, such as height above sea-level, temperature,
rainfall, type of soil, spacing between trees, etc., all have an effect on the strength
properties of the wood, probably mainly through their effect on density.
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The wood of any tree is usually differentiated into two distinct zones: outer, sapwood and
the inner, heartwood (containing the pith). Generally the sapwood is lighter in colour,
less durable and, when cut from the tree, of higher moisture content than the heartwood.
In the heartwood there are no living cells and such wood is termed physiologically
inactive. On the other hand, in the sapwood there are some living cells which act as
storerooms for food and for the transportation of various other materials in and out of
the sapwood.
The change from sapwood to heartwood takes place when the living cells die and at this
time there is a deposition of extraneous materials in the cells cavities. These materials
affect the colour of the wood and may increase its weight slightly but do not affect the
strength. Thus sapwood is as strong as hardwood. However, these deposits do help to
confer some resistance to the attacks of fungi and insects. Thus heartwood is recognised
as being more durable than sapwood.
It is the lower durability and the loss of strength when exposed to decay and insect attack
which has given rise to the common fallacy that heartwood is stronger than sapwood.
However owing to the fact that its cells are more than those of heartwood, sapwood is
much more readily penetrated by preservative fluids, so that sapwood properly treated
can be rendered more useful that heartwood.
All of these produce varying degrees of timber strength within the one species, let alone
the differences that exist between species.
2.2.5 Significance of Moisture
Moisture is fundamental to the growth and health of living trees and is also a funda-
mental part of the mechanism of deterioration and ultimately the decay and complete
break-down of all wood material.
All wood properties are affected significantly by variations in the amount of moisture
content present in the timber. Moisture content is determined by comparing the oven
dry mass of a sample of timber with the wet mass of the same sample.
When timber is ’drying out’ or seasoning, the movement of moisture is dictated by the
permeability of the timber. If we consider timber to have a longitudinal permeability of
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100, then is has a radial permeability of approximately 2, and a tangential permeability
of around 1. Therefore, during the drying process, this non uniform moisture movement
creates drying stresses in the timber which can cause shrinkage, collapse, splitting and/or
cracking. The presence of any of these defects significantly alters the properties of the
end products.
Further to this, by sawing the timber,further variations in the moisture movement will
occur, which may produce more detrimental effects.
2.3 Typical Timber Bridge Components
Figures, 2.3 and 2.4 show the main components of a traditional Timber Bridge. There
are a small number of variations to this typical design; one of these is where the timber
girders are laid side by side to form the deck in the superstructure. However, in general
the timber bridge superstructure is designed with longitudinal round log girders with
transverse sawn timber decking, while the substructure is generally comprised of driven
timber piles with timber headstocks which support the superstructure, bracing and
bottom wales to pin the piles so the substructure will act as one unit (Structures Division,
Road Systems & Engineering, 2005).
The principal materials used in bridge construction (Austroads, 2009) are:
1. Concrete - reinforced and pre-stressed
2. Steel - including wrought iron and cast iron
3. Timber
4. Masonry
The types of elements observed to have distress are (Structures Division, Road Systems
& Engineering, 2005):
1. Superstructure
The upper supporting members of a bridge comprising: (See Figure 2.3)
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• Backing slabs are timber slabs placed horizontally at abutment or wings to
retain embankment fill.
• Ballast board are timber planks placed horizontally at the ends of timber
girder to retain fill.
• Decking originally consisted of hardwood planks placed transversely to girders
and carried traffic loads
• Distributor is a member placed generally longitudinally below a deck (midway
between girders) to improve wheel load distribution.
• Kerb is the longitudinal members at the edge of a deck used to support
barriers and to provide edge restraint to vehicles.
• Girder is the main longitudinal member supporting the deck and spanning
between piers.
• Spiking Plank is the timber member on top of outer girder on to which timber
decking is spiked.
2. Substructure: (See Figure 2.4)
The lower supporting members of a bridge comprising:
• Corbel is a short timber member used at piers to help support the ends of
timber girders.
• Bracing are diagonal members placed across pier piles to transfer flood loads
• Head stocks transverse member/s placed across the top of abutment or pier
piles to transfer superstructure loads to the support piles.
• Piles is a driven members used to transfer all bridge loads into the founda-
tions. Also includes column members above sill beams.
2.4 Timber durability classes
There are two main factors that influence the durability of timber in service.
1. The natural durability of the particular species (see Table 2.1).
Natural durability is the inherent resistance of a hardwood to decay, insect and
marine borer attack.
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Figure 2.3: Timber Bridge Superstructure
Figure 2.4: Timber Bridge Substructure
2. The different type of species and degree of hazard to which the timber is exposed
(see Table 2.2).
2.5 Man-made and Natural defects mechanisms in timber
The natural and man-made defects in timber can be classified into: splits, knots, checks,
shakes, sloping grain, holes, abrasion, and accumulations. Splits occur along the longi-
tudinal path of the timber grain and can extend right through from one surface face to
the opposite surface face. Knots reduce the effective member cross section and cause
local areas of sloping grain with a consequent decrease in most mechanical properties.
Checks are normally separation of the wood along the grain, commonly resulting from
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Table 2.1: The natural durability of hardwood is expressed as four durability classes
(AS 5604:2003 and AS 1720.2)
Class Durability Species
1 Highly durable Ironbark, Tallow-wood, Cypress, Turpentine, Forest red
gum
2 Durable Spotted gum, Blackbutt, River red gum, Western Cedar,
Stringybark (yellow & white)
3 Moderately Durable Brush box, Rose/flooded gum, Sydney blue gum, Silver
topped stringy bark
4 Non-durable Douglas fir, Hoop pine, Radiata pine, Mountain ash/Tas-
manian oak, Unidentified timbers
Table 2.2: The natural durability of hardwood is expressed as four durability classes
(AS 5604:2003 and AS 1720.2)
Natural Durability Heart wood Service Life (years)
Class H1 fully protected H3 above ground
exposed
H5 in-ground
Class 1 50 + 50 + 25 +
Class 2 50 + 30 15 – 25
Class 3 50 + 15 8 – 15
Class 4 50 + 5 – 8 <5
stresses set up during drying and usually only millimeters in length.3 Shakes are sep-
aration of the wood along the grain due to causes other than drying. Compared with
checks, shakes are usually of considerable length. Sloping grain is not parallel to the
member axis, which may result from the natural growth of the tree or the way the tim-
ber was sawn. Sloping grain means a discontinuity in the timber fibres and hence lower
strength. Any holes within the member either from boring insects, nails, spikes, bolts
or drilling investigation, provide the means of access for the natural elements that cause
deterioration of the surrounding timber cell structure. Abrasion or mechanical wear and
loss of section may result from traffic effects on deck timbers, which sometimes result in
an undesirable slipperiness, or from stream-bed movement on piles. Accumulation (any
build-up of dirt, vegetation, or water) has an influence on the drying and equilibrium
moisture content of the timber and can hasten cracking and deterioration of the timber
member.
The major distress mechanisms in timber are:
3There are three different classified checks; these are: surface checks, end checks, and heart checks
which radiate outward from the core (plinth).
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1. Weathering;
2. Insect attack;
3. Shrinking and Splitting;
4. Vehicle impact;
In addition, some timber components – deck planks, running planks, kerbs, rails, posts
- may be broken by vehicle impact.
Timber bridges are also susceptible to the effects of fire. The inherited nature and
structure of wood inhibits timber to burn itself and large round sections of timber such
as girders have good resistance to fire. When the small sections of wood on the bridge are
exposed to direct fire from bush-fires (i.e. decking planks and guardrails) these become
susceptible to the hazards of the fire after an extended duration of time and conditions.
When timber is exposed to direct fire it creates a surface layer of charred material
which helps insulate the timber underneath providing a certain degree of protection
from the fire. Even though the outer layer of the timber is charred the majority of
timbers underneath will be untouched by the fire and will retain most of its strength
and will continue to support loads in accordance with the calculated load capacities of
the unharmed section.
Fungal (rotting) also affects the timber. Fungal types that cause decay of wood are as
follows:
• Brown Rot. A fungus that breaks down and depolymerisation of the cellulose and
hemicellulose within the wood cell walls commences, causing the wood to take
on the appearance of dark brown crumbly wood that becomes brittle and cracks
across the grain.
• White Rot. A fungus that breaks down the cellulose and lignin within wood cell
walls. This causes the wood structure to become white, soft, spongy or stringy.
• Soft Rot. A fungus that slowly erodes the surface of the wood when the oxygen
levels are low and the nitrogen levels are high on the outer layer of the wood.
Oxygen is one of the decay environmental conditions for fungi. Oxygen is required
to sustain and grow living organisms which includes decay fungi within wood. When
Chapter 2. Literature Review 14
wood is fully submerged in water, the high moisture content reduces the atmospheric
oxygen level which is required for fungi to grow; the fungi in most of these cases will be
unable to survive. Moisture is a second environmental condition for timber decay and
fungi growth. Water levels within wood are critical components for fungal growth, and
when in proper quantities it promotes the digestion of the wood substrate. Continuing
moisture content levels are required to maintain fungal growth. Moisture content levels
less than 20% are considered safe from decay, while moisture content levels above 30%
are more likely to promote fungal growth.
Temperature also contributes to timber decay. Wood decay fungi growth will occur at
temperatures that range from 25◦C to 32◦C. Fungi can survive outside these temperature
ranges but will die when temperatures get below 2◦C or above 38◦C. Lastly, fungi require
a food source for sustaining life. The wood substrate contains all the requirements for
the fungi to maintain and growth. This food source must contain carbon compounds,
minerals and vitamins. The wood minerals and vitamins are of little importance to the
wood strength, whereas the carbon compounds are responsible for the wood strength;
see Austroads, 2009 ‘Part 7: Maintenance and Management of Existing Bridges.
The common zones where decay or damage can occur are listed in Figure 2.5 below.
Figure 2.5: Decay Zones (Bridge Inspection and Maintenance Manual - 2001)
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2.6 Current Practices in Relation to Deterioration Predic-
tion of Timber Bridges.
There are a variety of non-destructive evaluation (NDE) techniques being used in the
professional field to conduit condition inspections on aging timber bridges. The following
are non-destructive evaluation (NDE) techniques used for timber bridges.
Visual inspection is the most common NDE technique used to assess timber bridge ex-
isting conditions due to the simple inspection approach. Inspectors are not engineers
but are trained and experienced in visual assessments of the relative structural integrity
of each individual component of the bridge structure. Visual inspection can easily iden-
tify obvious deficiencies, external damage, decay, crushed members from bearing, creep,
severe cracks and splits. This method is simple and very useful using a limited scope
as it can only detect late stages of deterioration mechanisms which have direct external
signs and can be subjective and highly dependent on the expertise of the inspector.
Stress wave timing is a second NDE technique. Stress waves timing is generated from
an impact on the timber surface under investigation. The stress waves propagate at the
speed of sound through the wood and reflect from external surfaces, internal flaws and
boundaries between adjacent materials. This propagation wave is easily measured by
the time the stress wave takes to travel a specific or known distance. Since the stress
wave will travel slower around decay, it will increase the time taken for the receiver
to pick up the stress wave indicating that decay is present within the timber element.
Other common uses for stress wave timing are to determine the Modulus of Elasticity
(MOE) of a structural member and estimate various strength properties using statistical
correlations; see for example Bozhang and Pellerin [11], Pellerin et al. [12], Pellerin and
Galligan [13], and Pellerin et al (1985).
Ultrasonic inspection is another NDE technique. It includes investigation of the quali-
ties of high frequency (20 kHz-600 kHz) stress waves propagating through timber. Ul-
trasonic inspection techniques have been investigated for identifying structural defects
within timber, for example, knots, slope of grain, and rot in wood members. Ultrasonic
detection for decay within timber is effective but limited to a small area due to high
frequency stress waves attenuate significantly over relatively short distance in timber.
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This limitation reduces the ability to apply it for field analysis on large section timber
members. See for example Bucur et al. [14].
The drill resistance test is classed a non-destructive test due to a drill bit diameter of
1.5mm to 3mm with a maximum depth of 305mm which will only leave small holes
within the tested specimen. These holes are sealed after testing to prevent access for
agents of decay and have only negligible structural effects. Drill testing is designed to
measure the resistance as the drill bit enters the wood using a uniformly speed and
power. The resistance is recorded on a relative 0-100% scale versus the depth of the drill
tip and it is correlated to the wood species density. This method can supply the location
for different stages of decay; see General Technical Report FPL-GTR-159, 2005.
Radiography techniques involve the use of a radiographic energy source (gamma rays)
to be passed through the wood element and captured on the other side by a recording
device (i.e. film) which processes a 2D image of the internal structure. Radiography
technique estimates the wood density and can be used to investigate degradation due to
fungal attack. See Madsen [15] and Matthews et al. [16].
The ground penetrating radar (GPR) is a non-destructive method used to create imagery
of the subsurface. High frequency electromagnetic waves are transmitted, penetrate
the element, reflect off subsurface interfaces and are detected by the GPR receiver.
Reflections result from a contrast in the electrical conductivity properties of materials
at the reflective interface. Potential reflective interfaces include voids and soft material
from decay within the element.
Lastly, vibration techniques have been examined to determine theoretical condition of
a material or structure. In theory, all materials have a natural frequency resulting in
vibration, and any significant deviation from this theoretical frequency is an indication
of possible member damage; see Emerson et al. [17]. However, this last technique is not
applied in practice field work.
As discussed above, there are many different types of techniques that are used to diagnose
deterioration of timber bridges. These diagnosis techniques can make understanding
deterioration a highly specialized and complex task. The most common and easily
accepted is the visual inspection by an inspector that is usually reported in a form of
natural language that contains imprecision and uncertainty to the case if deterioration.
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This literature review has indicated that diagnosing deterioration within timber bridges
has many complex techniques. From the reviewed techniques, stress wave timing has
the largest range capacity and simplest approach to testing from early to late stages
of deterioration. This method then can be applied mathematically to understand the
Modulus of Elasticity (MOE) in the selected tested timber member.
Chapter 3
Materials and Methods
This chapter outlines the technical details of the processes of the stress wave timing
and Finite Element Analysis (FEA) to determine the Modulus of Elasticity (MOE)
and the corresponding strength when a structural timber girder is under loads at the
different stages of deterioration. This will enable local government an economic method
for investigating the current deterioration and strength of existing Timber Bridge assets
within their asset register.
Instead of using theoretical and documented wood species density values from different
standards, it was determined that an actual solid section of an existing timber bridge
girder would be used to create a baseline understanding of the stress wave propagation
speeds through a sound sample and selected species. This sample was acquired from an
existing timber bridge scheduled for replacement in Tasmania 2015.
A nominal load case was acquired from AS5100.7 (2004) Bridge Design Standards for
the maximum design load of SM1600, which is the minimum requirement for bridge
design. Additional nominal loads were then applied to various cases to understand the
maximum strength versus loads at different stages of deterioration within the timber
girder.
The different stages of deterioration were selected to reduce the Moment of Inertia
(MOI), which in turn would reduce the moment of elasticity. Using Finite Element
Analysis, the MOE and MOI for the different stages were calculated and the maximum
deflections were analysed.
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In summary, the following methodology was required for the selected experimental test-
ing:
1. Calibrate SWT times at different stages of deterioration through known Australian
wood species using destructive testing.
2. Determine the material properties of the timber girder using a stress wave timer
for testing and calculate the baseline values.
3. Undertake FEA for all different stages of deterioration using a nominal load re-
quired by AS5100.7 Bridge Design Standards for a SM1600 load rating and reduc-
ing when load exceeds defection limit.
4. Rationalise the results and apply to a real life existing bridge to confirm Finite
Element Analysis modelling.
3.1 Destructive Testing
3.1.1 Properties of Timber Girder
In Australia, published timber properties are typically those properties used to plan
structures as per Australian Standard AS1720 Timber structures, and other related
Australian Standards. As there is such a large variety in mechanical properties of diverse
tree species - and within species because of discontinuities, for example, knots and sloping
grain and so on - an evaluating framework was created.
The Tasmanian Blue Gum (Eucalyptus globulus) specimen used in this project was cut
to the specific dimensions of 0.560 × 0.560 × 0.300 metres. The specimen was chosen
to be free of any major defects, such as sloping grain, knots and rot. This specimen was
obtained from an existing timber bridge that was scheduled for removal in Tasmania
with measured moisture content of 16%.
3.1.2 Material Sourcing
The material for the destructive testing was sourced from an existing timber bridge in
Tasmania scheduled for replacement due to very poor condition timber girders. This
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timber bridge was a four beam, single span design, named ‘Rowley’s Bridge’, which was
located at latitude 41.258793 and longitude 147,134641; see Figure 3.1.
When the timber bridge was demolished the existing timber girders were inspected for
a suitable section of soundness where the wood was solid to the core. One of the four
timber girders was in an average condition and could be cut up to find a suitable section
of wood for this experiment. This section of wood was located in the last third of the
timber girder and cut to the rough dimensions of 0.560m × 0.560m × 0.300m and only
one sample was acquired for testing. The existing timber bridge was constructed using
Tasmanian Blue Gum (Eucalyptus globulus). (The wood section removal was done by
a third party due to OHS and liabilities of a construction work site)
Figure 3.1: Image of Rowleys Bridge from Google Maps
3.2 Destructive Testing Equipment
3.2.1 Moisture Content
The sourced wood section had an average moisture content of 16% when first removed
from the existing timber bridge. For SWT testing and calibrating, an average of 12%
moisture content was required. This moisture was achieved by wrapping the wood
section in a plastic cover and storing it in a dry constant environment of 22◦C for 5
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days until the average moisture level was at 12%. This was monitored using a hand
held moisture meter; see Figure 3.2. The testing was done on the following day with an
average daytime temperature of 19◦C and direct sunlight.
Figure 3.2: Wagner Hand Held Moisture Meter
3.2.2 Stress Wave Time (SWT) Equipment
The Metriguard Model 239A Stress Wave Timer was used to test and measure the
stress wave times through the selected section for wood through the experiment. The
operation of this tool is to create a mechanical stress wave which is introduced from
the impact of the hammer and is detected with accelerometers at two points along the
propagation path. This piece of equipment comprised of three main objects, the start
accelerometer which was located in the hammer, the stop accelerometer and the main
unit that displays the time. The Metriguard unit that was used is similar to the one
seen in Figure 3.3, whilst all data was recorded.
Figure 3.3: Metriguard Model 239A Stress Wave Timer
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3.3 Destructive Testing Experiment
3.3.1 Stress Wave Times Destructive Testing
An existing timber girder was tested by manually creating a void within the centre
of the timber girder. The void was increased in size by increments of 50mm from an
initiate 70mm starting void. Each void scenario was tested and recorded using stress
wave timing.
A timber stand was constructed to support and hold the wooden section during testing.
This stand allowed for the wooden section to be removed and weighted at each stage
of testing. The dimensions of the timber stand were 1500mm by 750mm wide footprint
and 950mm high. This stand was secured to the ground with two star-pickets which
were screwed to the timber stand.
The wooden section was secured using 4-75mm M12 coach bolts to the timber stand.
These bolts could be removed after each stage of the test to measure the remaining mass
of the wooden section. The testing was conducted using the Metriguard Stress Wave
timer which required the stop accelerator to be position at positions ‘8’ and ‘4’, while
the start accelerator located in the hammer was used to impact the positions ‘10’ and
‘2’. The stress wave was measured three times in the same position to get an average
stress wave through the wooden section for both directions at seen in Figure 3.4.
After the solid section of wood stress time was recorded and mass weighted the wooden
section was hollowed out using a chainsaw to create a 70mm hole in the mid of the
wooden section. This allowed the stress wave to continue passing through the radial
path but extend the time is would take to be received by the stop accelerator.
The wooden section was marked to increase the void/hollow by 50mm at each stage
until the maximum void could be measured.
The experiment procedure, as in the previous part of this section, is repeated once again
for each test. All data is displayed in the appendices. The maximum void/hollow that
was achieved was 270mm in size from the overall diameter of 560mm. The experiment
was terminate at this void size due to two large cracks that started to occur which would
have prevented the stress wave from transferring through the material. Refer to Figure
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Figure 3.4: Wooden section secured to timber stand
Figure 3.5: Wooden section with 70mm void
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Figure 3.6: Increment marking on wooden section of 50mm
3.7 for the final void/hollow size and Figures 3.8 and 3.9 for the two large cracks that
terminated the experiment.
Figure 3.7: Wooden section with 270mm void
Figure 3.8: Large crack opening above position 10
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Figure 3.9: Large crack opening below position 8
3.4 Non-Destructive Testing
3.4.1 Stress Wave Theory
The stress wave timing methodology is created by impacting the start accelerometer
upon a piece of material that imparts motion to the particles of wood at the point of
impact. This stimulates the adjacent particles to motion and this disturbance travels in
the distance of motion along the length of the section of wood to the stop accelerometer.
When it reaches the end, it is reflected back toward the source of the disturbance. This
is schematised in Figure 3.10.
Figure 3.10: Schematic of Stress Wave Timer
The form of this disturbance can be quite variable, depending on the shape of the
impactor, the energy it imparts to the piece of material and the properties of the material
itself. The speed at which the disturbance travels is a function of the material’s elastic
properties and its density. Accordingly, the relationship of the MOE may be calculated
from the stress wave velocity using the following formula:
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E = ν2ρ (3.1)
where E = is the Modulus of Elasticity (Pa), ν = is the velocity (ms ), and ρ = is the
density – ( kg
m3
) = WV =
Weight(kg)
V olume(m3)
.
The section of the source material will require the MOI to be calculated for the solid
and piped hollow sections as the void increases in size. Figure 3.11 shows the diameter
of a solid section and equation (2) presents the corresponding formula.
Figure 3.11: Area Moment of Inertia - Properties for Solid Section
ISolid =
pid4
64
(3.2)
where pi = 3.14159 and d = is the overall outside diameter (mm).
Similarly, Figure 3.12 and equation 3.3 show the corresponding diagram and formula for
a piped hollow section.
IHollow =
pi(D4 − d4)
64
(3.3)
where pi = 3.14159, d = is the overall outside diameter (mm), and D = is the overall
internal diameter (mm).
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Figure 3.12: Area Moment of Inertia - Properties for Piped Hollow Section
Field considerations need to be taken into account when the distance and type of material
that are being tested with the stress wave timing. When utilizing stress wave non-
destructive evaluation methods for field work a simple baseline needs to be created using
sound timber with known parameters of soundness and decayed wood. The stress wave
timing for a sound section of wood is analysed and becomes the baseline. With sound
wood, the stress wave time should be equal or less than the baseline; with decayed wood,
the time value would be of greater than the baseline time. Using the values acquired,
you can estimate the stress wave timing for a member by knowing its distance travelled
(thickness) and the following formula:
TBaseline(µsec) = Thickness × SWT (3.4)
where TBaseline is the baseline stress wave time (µ sec) and SWT is the stress wave
distance travelled (m).
The ring orientation (Figure 3.13) has a relative effect on the length of the stress wave
times when the impact angle is at 45◦ orientation to the annual rings; the quickest stress
wave time is about 30% faster in the direction of the radial. Tangential transit stress
wave times are expected to range in between the radial and perpendicular for wood of
good quality at 12% moisture content; see Ross et al. [2].
The effect of decay within wood greatly affects the stress wave transmission time. As
the decay proceeds in the interior portion of a timber girder with a dry exterior shell, a
void may be left in the centre of the girder. However, long before the void develops, the
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Figure 3.13: Transverse Stress Wave Paths through a Round Member
Ross et al(1999).
Figure 3.14: Transverse stress wave transmission time compared with annual ring
orientation.
Ross et al(1999).
effect of decay on the elastic properties of the wood will manifest itself as a markedly
reduced stress wave transmission velocity.
3.5 The Finite Element Model
The FEA model is a beam model that uses fixed and roller ends restraint conditions as
the timber bridge construction methods varied.The analysis was performed on Strand7
Pty Ltd software which has the ability to analyse beam, plate and brick elements using
a variety of solvers. The main solver used within this project was linear static analysis.
The following steps were undertaken for each scenario setup:
1. create the geometric model;
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2. apply material properties;
3. apply restraint conditions;
4. apply loads;
5. solve for linear static analysis;
6. check model quality;
7. repeat procedure with new geometric model values.
3.5.1 Deflection Theory
Wood has the properties of anisotropic material, referred to in the Australian Standards
for timber design as a fifth percentile characteristic of mechanical properties as opposed
to mean mechanical properties, which can be greatly higher. Using Strand7 pre-set tim-
ber properties for this analysis would not generate the results needed to be compared
with field testing results. For that reason, the different strength and density proper-
ties were calculated and inputted into strand7 to give the best chances for comparison
with the destructive theoretical testing model (also computed with Strand7) to measure
deflection of the existing timber bridge.
This section studies FEA of the timber girder for mid-span deflection of a simply sup-
ported Eucalyptus globulus beam using stochastic bending stiffness subjected to pure
bending as seen in Figure 3.15.
Using Euler-Bernoulli beam equation to work out the relationship between the beam’s
deflections v(x) at position x and the bending moment, the second moment of area
(MOA) of the beam’s cross section is:
ei(x)
d2v
dx2
=
Fx
2EI
for 0 ≤ x ≤ L
2
(3.5)
where E is the MOE and ei(x) is the deterministic bending stiffness at some position x.
Integrating equation 3.5:
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Figure 3.15: Defection of simply supported beam subjected to pure bending.
ei(x)
dv
dx
=
Fx2
4EI
+ θA (3.6)
where θA is a constant of integration representing the slope at the left end. Because the
slope should be zero at midspan,
θA =
FL2
16EI
(3.7)
Using boundary condition δ = 0 at x = 0 and the deflection at midspan x = L/2:
δMAX =
FL3
48EI
(3.8)
where MAX is the maximum deflection, F is the force (load), L is the length, E is the
Modulus of Elasticity (MOE), and I is the Moment of Inertia (MOI).
The maximum allowable deflection using Australian Standards AS1684 is:
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δMAX =
L
250
(3.9)
3.5.2 Model Geometry and Material Properties
The geometric beam model was constructed of 2 nodes spaced 12.3 m apart with an
element spanning between both nodes. Trial tests showed that the model was too sim-
plistic and this was resulting in inaccurate results; refer to Figure 3.16 for the geometric
model. This was a very simple construction method and the experiment required a more
complex model with multiple sections to achieve the realistic results.
Figure 3.16: Single element geometric beam model
The new geometric beam model was then constructed with 122 elements, with overall
starting dimensions of 560mm diameter × 100mm thick that would meet the required
12.3m span length for the existing timber bridge that would be compared. This new
model was compared to the first 2 node single span element model to check the variation
within the results, showing that the new multi-section beam was more realistic; refer to
Figure 3.17 for the geometric model.
The geometric model sections were also created to match the destructive testing, so
that the calculated properties and sectional shape would match the experiment; refer to
Figure 3.18 for the cross-section view.
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Figure 3.17: Multi element geometric beam model
Figure 3.18: Cross-section of geometric model (79%)
3.5.3 Existing Timber Girder Modelling
The existing timber girder was modelled with 14 nodes and 13 elements; this was due to
SWT being taken at 1m spaced intervals. Each section of the geometric beam model was
then assigned a percentage strength related to its SWT times taken from the destructive
testing; refer to Figure 3.19 below for the geometric model.
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Figure 3.19: Existing timber girder geometric beam model
3.5.4 Forces and Restraints
Timber bridges were built using a simple pinned connection on both ends of the timber
girder in a single span setup; this relied on the weight of the bridge to hold the entire
superstructure to the sub-structure. Materials to build these bridge were sourced locally
as it was too expensive and difficult to transport timber girders of 12m or greater in
length to the proposed bridge site. Knowing this it was possible to design a simple
supported beam with pinned connections under a point load.
The geometric model then comprised of 123 nodes spanned 100mm apart to re-create
the length of existing Timber Bridge. The first node and last node required restraints
that would act as a pinned connection, while the remaining nodes were left free to
move between the elements that comprise the beam; refer to Figure 3.20 below for node
attribute restraints.
Three different load cases were tested for all the different stages of the voiding. These
loads were the maximum axle loads from 42.5t, 31.5t and 24t trucks as seen in Figure
3.21, which were then divided in half to create the required maximum point load on the
girder. The loading case was carried out because a bridge is a structure comprising of
many components where the loads will distribute throughout the bridge structure. This
is not considered in this project which only tests a single girder; refer to Table 3.1.
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Figure 3.20: Node Attributes (Restraints)
Table 3.1: Axles loads converted to kN.) types
Gross Vehicle Maximum Axle Halved Maximum kN
Mass Limit (t) Load (t) Axle Load (t)
42.5 20 10 98.0655
31.5 16.5 8.25 80.8855
24 8 4 39.2266
The load cases were applied to the geometric model as a global pressure to the top of
the beam using a single nodal point load that would measure total deflection in the
Y-direction after the linear solver from Strand7 was run.
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Figure 3.21: Common Mass Limits
Vicroads - General Mass & Dimension Limits For Vehicles.
Chapter 4
Results & Observations
4.1 Overview
This section provides the different results obtained from the destructive testing, non-
destructive testing and FEA, as well as observations. Firstly, the SWT values were
obtained from the destructive testing by increasing the void diameter for the wood
section. Then the SWT values were adjusted and calibrated to the specific wood species.
Following on from this, a second non-destructive test acquired SWT values for an existing
timber bridge girder with a known deflection value. The last step calculated the FEA
results for deflections of several different scenarios which were then graphed for three
load cases at different stages of voiding. These results were also compared to the existing
timber bridge deflection value where a 24t load was applied.
4.1.1 Destructive Testing Results
In Table 4.1, the SWT results and weights were tabulated for the increasing void sizes
completed in the destructive testing. This is called ‘raw stress wave time data’ as it has
not yet been adjust for the length it has travelled through the wood section.
4.1.2 Adjusted Stress Wave Times Varying Density
The SWT values acquired from the destructive testing, which are currently the raw data
set (Table 4.1), were applied to equation 3.4 to adjust the values for the propagation
36
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Table 4.1: SWT Raw Values through the Radial of a Wood Section with Varying
Density
Stress Wave Hole Size Percentage of Timber Weight Volume
Time (SWT)(µsec) of Decay (mm) Round Remaining (Kg) (m3)
1109 0 100% 48.62 0.074
1320 70 88% 37.22 0.057
1527 120 79% 30.02 0.046
1675 170 70% 23.58 0.036
2425 220 61% 17.92 0.027
3724 270 52% 13.04 0.020
wave within the wood section. The new adjusted SWT values were tabulated in Table
4.2, which enabled the wood section’s MOE and MOI to be calculated using equations
3.1, 3.2, 3.3.
Table 4.2: Adjusted SWT Values through the Radial of a Wood Section with Varying
Density
Stress Wave Hole Size Percentage of Modulus of Moment of
Time (SWT) of Decay Timber Round Elasticity Inertia (MOI)
(µsec) (mm) Remaining (MOE) (GPa) (mm4)
620.85 0 100% 13.38 4.827 ×109
739.11 70 88% 7.23 4.826 ×109
855.03 120 79% 4.36 4.817 ×109
938.19 170 70% 2.84 4.786 ×109
1358.00 220 61% 1.03 4.712 ×109
2085.25 270 52% 0.31 4.566 ×109
4.1.3 Adjust Stress Wave Times Constant Density
This section covers the same content as the previous one, but it considers a constant
density value throughout the testing process. In Table 4.1, it was assumed that the
timber section’s density would reduce as the decay spread within the timber. However,
the decay may not spread within the timber, and for that reason a constant density is
also considered. The new values for the MOE can be seen tabulated in Table 4.3.
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Table 4.3: Adjusted SWT Values through the Radial of aWood Section with Constant
Density
Stress Wave Hole Size Percentage of Modulus of Moment of
Time (SWT) of Decay Timber Round Elasticity Inertia (MOI)
(µsec) (mm) Remaining (MOE) (GPa) (mm4)
620.85 0 100% 13.38 4.827 ×109
739.11 70 88% 9.44 4.826 ×109
855.03 120 79% 7.06 4.817 ×109
938.19 170 70% 5.86 4.786 ×109
1358.00 220 61% 2.80 4.712 ×109
2085.25 270 52% 1.19 4.566 ×109
4.2 Non-Destructive Testing Results
4.2.1 Non-Destructive Testing for an Existing Timber Bridge
The existing timber bridge girder was tested using SWT at 1000mm spacing. The timber
bridge has a maximum span of 12.3m. The SWT raw values are tabulated in Table 4.4
and the adjusted values are tabulated in Table 4.5 and a void percentage applied to the
corresponding SWT values from the destructive testing.
Table 4.4: Non-Destructive SWT Raw Values for Existing Timber Girder.
Distance 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5
Position
4 & 10 2692 2187 2376 2328 2482 2241 2038 1960 1885 521 2471 964 965
2 & 8 2682 2319 2463 2223 2399 2251 2062 1962 1658 1965 2004 1150 1151
Diameter (m) 0.56
Length (m) 12.3
Table 4.5: Non-Destructive SWT Adjusted Values for Existing Timber Girder..
Distance 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5
Position
4 & 10 1508 1225 1331 1304 1390 1255 1142 1098 1056 292 1384 540 540
2 & 8 1502 1262 1355 1274 1367 1258 1148 1098 992 696 1122 644 645
Diameter (m) 0.56
Length (m) 12.3
Percentage (%) 52 70 61 70 61 70 70 70 70 100 61 100 100
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4.3 Finite Element Model Results
Several finite element models (FEM) were used to analyses the theoretical deflections
using the information provided from the destructive and non-destructive testing. These
FEM’s were subjected to three different load cases: 42.5t, 31.5t and 24t; which are
graphed below.
4.3.1 42.5t Varying Density FEM
Figure 4.1: Deflection for 42.5t GVM with an wheel load on 98.0665kN
The structural integrity of the theoretical FEA beam models under 79% were removed
from the graph as these were considered to be beyond practical deflection values and
would have caused the beam to fail while under load. FEA models with greater than
0.18m deflection were removed for the graph. In Figure 4.1 the maximum deflection of
the theoretical FEA beam model is predicted at 100% structural integrity with a load
of 42.5 tonnes GVM, which suggests that the timber beams deflection was in exceed of
60mm. All maximum deflections for all voiding scenarios are tabulated in Table 4.6.
4.3.2 31.5t Varying Density FEM
The reduced load and varying density show that the theoretical FEA beam models
maximum deflections have decreased. FEA models with greater than 0.18m deflection
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Table 4.6: Maximum Deflection Values for 98.0665 kN Point (Varying Density).
42.5 tonnes GVM (Wheel Load 98.0665kN)
Percentage of Structural Integrity (%) 100 88 79 70 61 52
Maximum Deflection δMAX(m) 0.060 0.112 0.186 0.286 0.802 2.681
Maximum Deflection δMAX(mm) 60.29 111.63 185.62 286.29 801.62 2681.05
Figure 4.2: Deflection for 31.5t GVM with an wheel load on 80.8855kN
were removed for the graph. All maximum deflections for all voiding scenarios are
tabulated in Table 4.7.
Table 4.7: Maximum Deflection Values for 80.8855 kN Point (Varying Density).
31.5 tonnes GVM (Wheel Load 80.8855kN)
Percentage of Structural Integrity (%) 100 88 79 70 61 52
Maximum Deflection δMAX(m) 0.050 0.092 0.153 0.236 0.661 2.211
Maximum Deflection δMAX(mm) 49.73 92.07 153.10 236.13 661.18 2211.34
The two cases above were not trialled and could not be compared on the existing timber
bridge due to a load limit imposed by the local council authority.
4.3.3 24t Varying Density FEM
In this case Figure 4.3 shows where the existing timber bridge maximum deflection of
41mm was when loaded with a GVM load of 24 tonnes. Using the adjusted SWT in Table
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4.4, the theoretical FEA model for the existing timber girder was given the corresponding
MOE and MOI values from Table 4.2 and graphed to compare the results.
Figure 4.3: Deflection for 24t with an wheel load on 39.2266kN
The comparison of the field test deflection of 41mm on the graph against the theoret-
ical FEM suggests that the existing timber bridge girder should have an approximate
structural integrity of between 88% and 92%. However, the FEM for the existing tim-
ber girder with the adjusted SWT values shows the maximum deflection to be around
140mm. From these results, it is clear that the assumed changing density does not
compare to the field test deflection. As the deflections were greater than the field test
results, a constant density value was applied across scenarios and cases. All maximum
deflections for all voiding scenarios were tabulated in Table 4.8.
Table 4.8: Maximum Deflection Values for 39.2266 kN Point (Varying Density).
24 tonnes GVM (Wheel Load 39.2266kN)
Percentage of Structural Integrity (%) 100 88 79 70 61 52
Maximum Deflection δMAX(m) 0.024 0.045 0.074 0.115 0.321 1.072
Maximum Deflection δMAX(mm) 24.12 45.65 74.25 114.52 320.65 1072.42
4.3.4 42.5t Constant Density FEM
By comparing Figure 4.1 with Figure 4.4 with the same load it can be seen that the
constant density results has increasing the over structural integrity. This has resulted
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Figure 4.4: Deflection for 42.5t GVM with an wheel load on 98.0665kN
in the deflections of FEA model to be reduced. All maximum deflections for all voiding
scenarios are tabulated in Table 4.9.
Table 4.9: Maximum Deflection Values for 98.0665 kN Point (Constant Density).
42.5 tonnes GVM (Wheel Load 98.0665kN)
Percentage of Structural Integrity (%) 100 88 79 70 61 52
Maximum Deflection δMAX(m) 0.060 0.085 0.115 0.139 0.295 0.719
Maximum Deflection δMAX(mm) 60.29 85.47 114.59 138.85 295.49 718.99
4.3.5 31.5t Constant Density FEM
The new constant density values, relative to results in Table 4.3, show an increase in
the overall strength of the theoretical FEA model and show a reduction of the deflection
levels of the 31.5 tonne GVM loading. All maximum deflections for all voiding scenarios
are tabulated in Table 4.10.
Table 4.10: Maximum Deflection Values for 80.8855 kN Point (Constant Density).
31.5 tonnes GVM (Wheel Load 80.8855 kN)
Percentage of Structural Integrity (%) 100 88 79 70 61 52
Maximum Deflection δMAX(m) 0.050 0.070 0.095 0.115 0.244 0.593
Maximum Deflection δMAX(mm) 49.73 70.49 94.52 114.53 243.72 593.02
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Figure 4.5: Deflection for 31.5t GVM with an wheel load on 80.8855kN
4.3.6 24t Constant Density FEM
Figure 4.6: Deflection for 24t GVM with an wheel load on 39.2266kN
Comparing the field test deflection of 41mm with the new values for the FEA model,
it can be seen that the existing timber bridge FEA model is now being classed in the
structural integrity range of 71% to 88%, which is quite a large difference from the
previous results (Figure 4.3). From the results it can be seen that the existing timber
girder model has a maximum deflection of approximately 62mm compared to field test
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deflection of 41mm, which mean an improvement. All maximum deflections for all
voiding scenarios are tabulated in Table 4.11.
Table 4.11: Maximum Deflection Values for 39.2266 kN Point (Constant Density).
24 tonnes GVM (Wheel Load 39.2266 kN)
Percentage of Structural Integrity (%) 100 88 79 70 61 52
Maximum Deflection δMAX(m) 0.024 0.034 0.046 0.056 0.118 0.288
Maximum Deflection δMAX(mm) 24.12 34.19 45.84 55.54 118.20 288.4
4.4 Discussion
To ensure accuracy in the results for all the finite element models, parameters were set
for the beam designed. These parameters were made to match the existing timber bridge
girder in length and diameter of 12.3m and 0.56m diameter. The other parameters set
were the MOI which was set from the destructive testing and the load cases. This only
left the variable of MOE within the wood section.
Limits must be applied to the amount of deflection that can occur within a beam when
it is subjected to a load. Deflections of beams depend on the stiffness of the material
and the dimensions of the beam, as well as the more obvious applied loads and supports.
Looking at the figures and tables above, a reasonable assumption was made for maximum
deflections at any deflection value higher than 180mm to be removed from the graphs.
Referring to the AS1684 and industries accepted L/250, the allowable deflection for the
12.3m long beam is 49.2mm.
By combining the data collected from the destructive testing SWT values and the base-
line created for the specific wood species Tasmanian Blue Gum (Eucalyptus globulus),
it was then possible to use these SWT values and apply them to the non-destructive
investigation of the existing timber girder. Once all the SWT values were collected, a
theoretical MOE value was assigned to the different stages of decay using varying and
constant densities. By applying these MOE values to the FEM’s for FEA the deflection
could be measured and compared to an allowable deflection for the load cases of 42.5
and 31.5 tonnes. For the 24 tonne load this was directly compared to the existing timber
bridge deflection.
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The direct correlation from these tests showed that as the SWT value increased the MOE
value decreased, which directly related to the deflection results from the theoretical FEM.
This shows that as the diameter of the void/decay increased in size the SWT values took
longer to travel through the wood section. This affected the structural integrity of the
section of wood, which in turn increased the bending within the beam member.
In the case of the 42.5 tonne GVM loads, both FEMs (constant and variable density
models) failed to meet the allowable deflection requirements of 49.2 mm with a theoret-
ical deflection of 60.29mm. When the FEMs for both the varying and constant density
cases were loaded with the 32.5 tonne GVM, both FEA models at 100% structural in-
tegrity had adefection of 49.73mm: this is just outside the acceptable deflection. Both
these FEMs could only be compared to an acceptable deflection as no real life load
testing could be done on the existing test bridge as it had a load limit of 24t installed.
The FEM’s at 24 tonne GVM passed the allowable deflection limits at 100% as well
and 88% structural integrity for the varying density test. The constant density test saw
100%, 88% and 79% respectively.
The comparison of the values of MOE between the different test scenarios and cases
show that the values are close within the initial top 15% of structural integrity but
then vary quite significantly with the MOE values at 52% structural integrity having an
approximate difference of 2.72 times.
Also, comparing the field test deflection of 41mm to the FEA model for the existing
timber girder shows that results are approximately 1.5 times greater in deflection for
the constant density model at 62.1mm, and greater still using the varying density FEA
model.
These results lead to an error factor of approximately 1.5 times greater for the constant
density model and an error factor of 3.4 times for the variable density FEA model.
The error within the results could be caused because the FEA model is based on a
single girder beam and not a system model; transverse decking can cause the overall
construction depth to increase and the load distribution from the axle to wheel. All
these errors can be accounted for using a safety factor of 2 times or greater when running
the FEA modelling.
Chapter 5
Conclusion
5.1 Summary
This project has investigated stress wave times (SWT) by using a destructive test on an
Australian wood species Tasmanian Blue Gum (Eucalyptus globulus) to calibrate the
required SWT values that could be then applied to a non-destructive SWT testing in
order to acquire the strength and stiffness of an existing timber bridge structure. Finite
element analysis (FEA) was used to calculate the serviceability deflection levels for the
theoretical models and compared to the existing field deflection testing. The theoreti-
cal charts were developed based on the experimental results and accepted engineering
principles and theories.
5.2 Achievement of Project Objectives
Research indicates that timber non-destructive testing for different causes of decay
within timber were developed and established quite some time ago. SWT testing have
been heavily researched within the Americas on their local timber species but have not
being adopted in inspection testing within Australia due to high cost of equipment,
specialized personnel and lack of calibrated data for Australia timber species.
Finite element linear analysis was undertaken using Strand7, as well as sensitivity analy-
sis from stress wave time calibration and values, to acquire MOE and MOI values for the
structural modelling and serviceability in deflections. Deflections were calculated using
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Strand7 linear solver and 3 different load cases were tested on the theoretical models
and compared to an existing timber girder field deflection. This confirmed that SWT
values area justifiable method of acquiring the structural strength and stiffness of timber
girder in the field.
5.3 Conclusion
A section of timber was removed from an existing timber bridge girder and tested using a
Stress Wave Timer (SWT). SWT values were calibrated to an Australian timber species
(Eucalyptus globulus) by coring out the section of timber for different sizes to represent
timber decay within a timber. At each stage the section of timber was re-tested using
the SWT for each phase of decay; results were recorded. An important contribution
in this project is the calibration of stress wave equipment to one Australian timber
species, particularly for an existing timber bridge girder with different levels of internal
voids/defects.
In the next step, a relationship was established between the calibrated SWT values and
Moments of Elasticity (MOE) by calculating the SWT travel times within the section
of timber. This exercise confirmed that as the SWT values increases the MOE values
decreases, meaning that the timbers structural integrity weakened as the timber decays.
When all the results were acquired a finite element analysis (FEA) was carried out to
measure the deflections of the theoretical beams. These deflections show the structural
load capacity of the timber bridge. Deflection values for an existing timber bridge were
later obtained to be compared with the calculated deflections.
It was originally assumed that as the decay increased in size within the timber section
the density would decrease causing the MOE values to drop translating into a weak-
ened structural member. However, the FEA results showed an over-estimation of the
deflection, causing a large variation between the existing deflection value and the FEA
theoretical model. This suggested that a constant density should be tested as well and
compared to the existing timber bridge deflection value. The results from the constant
density FEA theoretical modelling were improved greatly. Therefore, the use of finite
element model (FEM) with SWT values in inspection testing are justified.
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Finally, this project shows and concludes that calibrated SWT is an acceptable method
for inspecting timber bridge structures, and aids in gaining an understanding of the
structural properties of a timber structure. In addition, theoretical testing with a safety
factor can yield accurate prediction results for in-situ timber structures.
5.4 Recommendations and Further Work
As a result of the experiments, a number of recommendations can be made. Firstly it is
clear that the simply supported beam design would improve deflection accuracy results
if the FEA modelling was done on an entire bridge structure. This would show how the
loads would distribute and the effect in each individual girder at different rates of decay.
Furthermore, the work can be improved and generalize by testing different species of
wood used in timber bridge construction. This would require calibrating the SWT to
each species, and would result in more accurate results for MOE values within existing
timber structures. New species could be tested and a comparison between the species
could be sampled.
In conclusion, and coupled with further development and advancements, recommen-
dations could be suggested to the local government for non-destructive testing. The
inclusion of advance non-destructive testing equipment during inspections could reduce
the liability of local government assets and could imply cost savings in finance and
environmental impacts.
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